Abstract Non-diffraction guiding modes covering the full broad band of a photonic crystal with elliptical rods for TM mode are reported in this paper. All such modes can be used to effectively guide electromagnetic waves since they have near-zero group velocity components along the X direction. In the fourth dispersion surface of the photonic crystal, the two wide flat regions spanning the first Brillouin zone possess unique properties: one dimension corresponds to a broad band, while the other corresponds to full incident angles of 0-90
Introduction
Photonic crystals (PCs) have attracted tremendous attention as a new type of optical material due to their unique properties and potential applications in both science and technology . Earlier experimental and theoretical studies of PCs have focused on the utilization of the photonic band gaps [1] [2] [3] [4] . In recent years, the studies have revealed that the photonic bands displayed unusual dispersion, resulting in a number of interesting optical phenomena, such as negative refraction, superprism effect and, in particular, supercollimation [6] [7] [8] [9] [10] [11] [12] [13] [14] . It is known that the direction of light propagation in a PC is governed by its dispersion surfaces and given by the group velocity v g = ∇ k ω(k) [15] . For a wave vector k belonging to flat parts of the dispersion surfaces, the excited Bloch wave propagates without diffraction in the PC (i.e. supercollimation occurs). Such k is referred to as a non-diffraction guiding mode.
In the past, the researchers focused on individual performances of supercollimation, i.e. increasing the collimating efficiency, broadening the working frequency 1 Author to whom any correspondence should be addressed. range, or expanding the incident angle range [16] [17] [18] [19] [20] [21] [22] [23] . For example, it has been demonstrated that a square PC is more favourable for expanding the incident angle range than a hexagonal one [19] [20] [21] [22] [23] . Due to the potential for on-chip optical interconnects, many supercollimation-based applications such as bends, optical switches and splitters have been reported [17, [24] [25] [26] [27] . The previous works imply that an urgent requirement in this field is to realize high collimating efficiency, broad band and wide incident angle range (or even all-angle range) simultaneously. It means that the PC must possess characteristics as follows: (i) its certain dispersion surface should have wide flat regions covering a broad band; (ii) the flat regions should be large enough along a certain direction in k-space in order to cover a wide incident angle (or even all incident angles of 0-90
• ). These characteristics will make the applications useful, but they have not appeared. In this paper, we report a new PC structure that possesses these characteristics and satisfies the urgent requirement.
Structure and dispersion characteristics analysis
We design a two-dimensional (2D) PC with elliptical rods shown in the inset of figure 1(b) for exploring a broadband flat dispersion surface. The PC consists of elliptical rods arranged in a square lattice in air, with dielectric constant ε r = 11.56 (Si at λ = 1550 nm). The dielectric material is assumed to be lossless and non-dispersive. The lattice constant of the PC is a. The major axis L a of the elliptical rods parallel to the X direction is chosen as L a = 0.9a (see further analysis later), while the minor axis L b is determined by the ratio ρ = L a /L b . For this structure, only the transverse magnetic (TM) mode with electric field parallel to the rods is studied.
Dispersion surfaces provide a visual representation in the k-space for studying the optical properties of a certain band or eigenmodes supported by the PC structure [27] . Figure 1(a) shows the dispersion surface of the fourth band, which is calculated for all k-vector in the first Brillouin zone (FBZ) by the plane wave expansion method [28] . Chigrin et al have shown that within the supercollimation frequency range, the form of equi-frequency contours (EFCs) mimics the form of the FBZ of the PC [19] . Since the dispersion surfaces have the same symmetries as the PC structures, it is difficult for high symmetrical PCs to produce a broadband flat dispersion surface. However, PCs with a low rotational symmetry are uniquely suitable candidates for this purpose. For the PC considered here, a typical dispersion surface of the PC with ρ = 2.1 is presented in figure 1(a) . This dispersion surface shows strong anisotropy. Moreover, it has two wide flat regions spanning over the whole FBZ along the k y direction (i.e. the X direction of the PC). The relative bandwidth of the flat regions is 10.87% from 0.470 to 0.524(2π c/a), where c is the speed of light in vacuum.
Obviously, the ratio ρ, which characterizes the distortion degree of elliptical rods and determines the filling factor of dielectric rods f = πL 2 a /(4ρ), is a key parameter for obtaining broadband flat regions. In order to achieve the optimized PC structure, we studied the influence of ρ on the dispersion surface by monitoring the relative bandwidth of its flat regions. With different L a , the relationships between the relative bandwidth and ρ are shown in figure 1(b). As ρ increases, the distortion degree of the elliptical rods increases while the filling factor f decreases. Figure 1(b) indicates that the relative bandwidth has maximum values of 9.52%, 10.87% and 11.76% around ρ = 2.1 for L a = 0.85a, 0.9a and 0.95a, respectively. This implies that there is a balance between the distortion degree of the elliptical rods and the filling factor f for obtaining a maximum relative bandwidth. On the other hand, for practical applications, the rods should have a gap of at least 50 nm between them for reproducible fabrication [29] . For the 1550 nm operating wavelength, the lattice constant a is 767.2 nm. The minimum gaps between the rods are 115 nm (>50 nm), 76.7 nm (>50 nm) and 38.3 nm (<50 nm) for L a = 0.85a, 0.9a and 0.95a, respectively. As a result, we choose a PC with L a = 0.9a and ρ = 2.1 for further investigation considering the bandwidth and fabrication tolerances simultaneously. In fact, figure 1(a) is just the corresponding dispersion surface of this PC structure.
Broadband non-diffraction guiding modes
Now, we study the propagation characteristics of Bloch waves in the PC and seek for all the non-diffraction guiding modes. It has been proved that the energy velocity is equal to the group velocity in a periodically modulated lossless medium with small dispersion [15] . So we can explore the propagation characteristics of Bloch waves in the PC by the group velocity analysis method. The group velocity v g in a 2D PC can be calculated by
where k = (k x , k y ) is the k-vector in the FBZ. Due to the strong anisotropy of the dispersion surface, the Bloch waves will exhibit very different propagation characteristics along different directions. The group velocity at each k-vector in the FBZ is calculated by the plane wave expansion method. We concentrate on the distribution of the Y -component (v gy ) of the group velocities, as shown in figure 2 . Interestingly, all the k-vectors with near-zero Y -component of the group velocities (i.e. v gy ≈ 0) cover almost the whole FBZ and form a large special area (see figure 2 ). For convenience, we refer to this area as the 'near-zero area' in later analysis. The physical picture is that Bloch waves with these k-vectors are forbidden along the Y direction. In other words, such k-vectors can be used to realize non-diffraction propagation figure 1(a) ), respectively. For these k-vectors, waves propagating in different directions couple, and a standing wave is formed, leading to no energy transport. So these k-vectors should be excluded from the near-zero area. As a result, the Bloch modes with all the other k-vectors within the near-zero area are nondiffraction guiding modes and can be used to effectively guide the electromagnetic (EM) waves without diffraction. It should be noted that this near-zero area covers almost the whole fourth band (0.438-0.533(2π c/a)) since it includes not only the kvectors of the flat regions but also those of the concave blue regions in figure 1(a) . Particularly, since the two flat regions span over the whole FBZ along the X direction and have a large relative bandwidth of 10.87% as mentioned above, they have peculiar properties that one dimension (k x ) corresponds to a broad band while the other dimension (k y ) corresponds to full incident angles of 0-90
• (see the diagram analysis of figure 3 later). These properties have potential applications and will be further discussed in section 4.
Broadband all-angle supercollimation phenomenon
The above results are very useful for controlling light propagation and improving their optical properties, such as enhancing the collimating efficiency, broadening the frequency range and expanding the incident angle range. As an example, we demonstrate broadband all-angle supercollimation phenomenon by utilizing the peculiar properties of the flat regions in figure 1(a) . As discussed previously, all the Bloch modes with k-vectors of these two flat regions are non-diffraction guiding modes. The EFC diagram [6, 8] is calculated for analysing the direction of light propagation in the PC, as shown in figure 3 . By applying the continuity conditions of transverse wave vectors across the air-PC interface [9] , one is able to determine the direction of light propagation inside the PC. Figure 3 clearly shows that the EFCs within 0.470-0.524(2π c/a) are rather straight over the whole FBZ along the X direction. The directional band gap (along the X direction) forbids the light to leak along the X direction, helping to enhance the collimating efficiency. Over this frequency range, even when the incident angle is near 90
• , the propagation direction in the PC would still be confined along the X direction (i.e. the X direction in real space). We take ω = 0.490(2π c/a) as an example to show the change in the propagation direction at 10
• (the small incident angle case) and 85
• (the large incident angle case), respectively, as shown in figure 3 . As a result, all the EM waves with incident angles within ±90
• could be collimated over 0.470-0.524(2π c/a), namely, broadband all-angle supercollimation over a bandwidth of 169 nm around 1550 nm can be achieved.
To verify the prediction of broadband all-angle supercollimation, we perform the finite-different timedomain (FDTD) simulations with the perfectly matched-layer boundary condition [30] . A 2D PC of finite size 50a × 150a with its air-PC interface along the X direction is considered here. A Gaussian beam with a width of 3a is launched into the PC from air at different incident angles. For frequency domain, the minimum (0.470), the middle (0.497) and the maximum normalized frequency (0.524) are • and 85
• , respectively. As expected, no matter whether the incident angle is 10
• or 85
• , the Bloch waves in the PC at three normalized frequencies are well collimated along the X direction. Moreover, the supercollimated beams do not spread even after propagating a distance as far as 150a. These simulations results show that, at least, the broadband supercollimation can be achieved for incident EM waves within ±85
• . We did not try incident angles between 86
• and 90
• due to their large inclination. In fact, from the analysis of the EFC diagram in figure 3 , the excited Bloch waves would still be collimated along the X direction even near 90
• . It is known that the collimating efficiency is dependent on the angular collimating range. For the all-angle supercollimation here, the collimating efficiency is improved accordingly. Figure 4 shows that the incident and reflected light beams interfere in air and the interface reflections at 85
• are much larger than those at 10
• . This is due to their large inclinations and can be easily understood. Actually, there are some methods, such as surface modification and impedance matching, to reduce the interface reflections, but this is beyond the scope of this paper. It is found that the beamwidths of the supercollimated beams at 85
• are much wider than those at 10
• . This is due to the different contact widths of incident Gaussian light beams on the air-PC interface under different incident angles. Larger contact width will lead to wider beamwidth of the supercollimated beam. For the incident Gaussian beam with a width of 3a, the contact width for 85
• (L l = 3a/ cos 85 • = 34.42a) is much larger than that for 10
• (L s = 3.146a). Moreover, we notice that for those normalized frequencies larger than 0.5, their EFCs of air would exceed the FBZ of the PC. However, in this case, the all-angle supercollimation can still be achieved by further analysing the extended EFC diagram. In fact, this has been verified by the FDTD simulations shown in figure 4 at ω = 0.524(2π c/a).
Broadband supercollimation in an inverted PC structure
Furthermore, we extend our discussion to the inverted PC of elliptical holes in a dielectric. For convenience, the same parameters for the structure above are used to describe the inverted PC, as shown in the inset of figure 5(b) . The long axis of the elliptical holes is fixed at L a = 0.9a. Detailed calculations show that similar results can be achieved for transverse electric (TE) mode with magnetic field parallel to the holes. Figure 5 (a) presents the TE-polarized dispersion surface of the fourth band of the inverted PC with L a = 0.9a and ρ = 1.9. It is found that there are also two wide flat regions in the dispersion surface. The relative bandwidth of these two flat regions is dependent on the ratio ρ, and their relationship is plotted in figure 5(b) . The relative bandwidth has a maximum value of 9.1% at ρ = 1.9. In this case, the corresponding bandwidth is about 140 nm around 1550 nm. The k-vectors of the two flat regions are suitable for supercollimation. These results suggest that broadband supercollimation also can be achieved for the inverted PC.
Conclusion
In summary, we have achieved super-broadband nondiffraction guiding modes resulting from the unusual TMpolarized dispersion surface of a 2D PC with elliptical rods. All of these guiding modes, which have zero group velocity components along the X direction, cover almost the whole fourth band from 0.438(2πc/a) to 0.533(2π c/a), and they can be used to realize broadband non-diffraction light propagation. In the dispersion surface, there are two flat regions possessing unique properties: one dimension corresponds to a broad band, while the other corresponds to full incident angles. These properties have great potential in applications, in particular, for realizing supercollimation simultaneously with high collimating efficiency, broad band and wide-angle operation. In the last part of this paper, the inverted PC structure of elliptical holes in a dielectric is also discussed. Similar results can be achieved over 140 nm bandwidth around 1550 nm for TE mode.
